Abstract: Solid-state nuclear magnetic resonance spectroscopy was used to investigate the coordinative states of surface Al species on various alkylaluminum-modified Phillips CrO x 2 catalysts. The 27 Al MAS NMR spectra showed the presence of three different coordination states (6-, 5-, and 4-coordinated Al species) in the alkylaluminumrelated to the polymerization activity.
Study of the coordinative nature of alkylaluminum
x /SiO 2 catalyst by multinuclear solid-state NMR *Corresponding author. email: xiawei@upc.edu.cn Liu et al, 2002; 2003; 2004a; 2004b; 2004c; 2005; Xia et and polymerization mechanisms still remain unclear and controversial.
x 2 catalyst can be prepared by impregnating an aqueous solution of Cr compounds (mostly amorphous silica gel support, followed by calcination in dry o C for several hours. The obtained Phillips CrO x 2 catalyst can be used directly to catalyze the polymerization of ethylene at 100-150 o C without a preliminary activation step using organometallic cocatalysts or other reducing agents. With the development of olefin polymerization technology, nowadays, new Phillips catalyst systems using metal-alkyl cocatalyst have attracted much catalysts by using metal-alkyl cocatalysts has not been fully investigated up to now. To our knowledge, typically there are three stages for the introduction of metal-alkyl cocatalyst: 1) the catalyst preparation stage, 2) the catalyst aging or
Introduction
Ziegler-Natta catalysts, Phillips catalysts, and metallocene catalysts, Phillips CrO x 2 catalyst is well known as one of the most important industrial ethylene polymerization catalysts. About one-third of the world high-density catalyst. Compared with Ziegler-Natta and metallocene catalysts, Phillips catalyst exhibits unique polymerization behavior, and the products (polyethylene) have many unique chain microstructures such as long chain branching, unsaturated chain ends and ultra-broad molecular weight distribution, which contribute to excellent properties for both processing and final applications (Pullukat and Hoff, 1999) . Unfortunately, notwithstanding remarkable success in the industrial field and almost 50 years research work, pretreatment stage in the polymerization reactor just before the introduction of the monomer and 3) the polymerization stage with simultaneous interaction of catalyst with metalalkyl cocatalyst and monomer. Spitz and coworkers (Spitz et al, 1979) introduced small amounts of triethylaluminum (TEA), during the Phillips catalyst aging or pretreatment stage in a polymerization reactor just before the introduction of the monomer, to study the effect of small amounts of TEA on the activity, kinetics, and 1-hexene incorporation stage in a polymerization reactor just before introduction (Woo and Woo, 1990) . Our group has systematically investigated the effect of the introduction of metal-alkyl cocatalyst in different stages from catalyst preparation to polymerization using Phillips catalyst (Liu et al, 2005; Xia et al, 2006; 2010) . From the above investigations and the work of our research group, it is found that organometallic compounds not only can assist active site formation through reduction or alkylation, but also can substantially affect the catalytic properties of Phillips type catalysts, as well as the structures and properties of the produced polymers, through ligand modification of active sites or even creation of completely new active sites. Furthermore, the knowledge on the state and structure of alkylaluminum adsorbed on Phillips catalyst can help to understand the composition of the active component of the catalyst as well as the polymerization mechanism. Therefore, precise and systematic characterization of the state very important.
Recently, high-resolution solid-state nuclear magnetic resonance (NMR) spectroscopy has been widely used to study the coordinative states of surface Al species on solid catalysts. Coordination states of four, five, or six on the catalyst surface can be revealed by high-resolution 27 Al magic angle spinning (MAS) NMR, which has been used in the study of heterogeneous industrial Ziegler-Natta catalysts (TEA)-modified Phillips catalysts (Liu et al, 2005; Xia et al, 2010) Al MAS NMR spectra demonstrated that existing states of surface Al species in the alkylaluminum-modified catalysts strongly depended on the type of alkylaluminum cocatalyst, concentration of alkylaluminum and on the calcination temperature during the catalyst preparation process.
Experimental

Raw materials
procedure including nitrogen (grade G-2), and pure air (grade Molecular sieves (13X and 4A) as moisture scavengers used purchased from Aldrich, was used as an oxygen scavenger for
The catalyst precursor used for catalyst preparation was 2 used without further purification. Heptane, purchased from by passing through a column of 13X molecular sieves and subsequently purged by bubbling pure nitrogen for more solutions.
Preparation of catalyst
can be found in our previous work (Liu et al, 2004a; 2005; Xia et al, 2006; 2010) . About 15 g of catalyst precursor was calcined at a temperature of 600 o C for 6 hours under using a temperature-programmed heating controller. The dry air was purified by passing through a 13X molecular sieve column before entering the catalyst preparation system. The calcined catalyst was cooled to room temperature under it through a Q-5 catalyst column and a 13X molecular sieve column before entering the catalyst preparation system. o C, for further modification by alkylaluminum cocatalysts. The a glass reactor connected to a high-vacuum line. Heptane (30 mL) and about 1 g of calcined catalyst were introduced to the reactor; thereafter a controlled amount of alkylaluminum was was allowed to react for 30 minutes at room temperature. The solution was decanted before drying the modified catalyst under vacuum. The alkylaluminum-modified catalysts were divided into two categories according to the unmodified catalysts' calcination temperatures (600 o C) and were respectively. Finally, the alkylaluminum-modified catalyst was distributed and sealed into several glass tubes for storage smaller glass ampoule bottles and the amount of catalyst in each ampoule bottle was regulated at about 100 mg, which was weighed precisely before polymerization. 
Catalyst characterization by
Ethylene polymerization
The same semi-batch slurry polymerization system was utilized as in our previous work (Xia et al, 2006; Mori et al, 2000) . One ampoule bottle including ca. 100 mg of glass polymerization reactor (volume ca. 100 mL) with waterjacket and a magnetic stirrer inside. The reactor system was heated and evacuated for 2 h before introduction of heptane.
24-hours bubbling under high purity nitrogen. The solution was then saturated with 0.15 MPa of ethylene, which was purified by passing through a 4A molecular sieve column, a Q-5 catalyst column and a 13X molecular sieve column. The polymerization was initiated by breaking the catalyst ampoule bottle with a steel bar. Polymerization was carried used to record the real-time ethylene consumption profile. The polymerization was terminated by the addition of 20 mL Table 1 . The 1 1 (spectra a and b ratio of 3.1 (Fig. 1, spectrum a) , there were two peaks found at 1.77 and 0.79 ppm, which are usually assigned to the protons in isolated hydroxyl groups (Potapov et al, 1997) on the silica support and ethyl groups in Al-alkyl, respectively. spectrum b), similar two peaks were found at 1.77 and 0.77 ratio of 3.1 (Fig. 1, spectrum c) , only one peak assigned to an ethyl group in Al-alkyl was found at 0.77 ppm (here, the proton in methene and methyl could not be distinguished because of the heterogeneity of the support surface). (Fig. 3, spectrum c) , three kinds of Al species with 6-, 5-, and 4-coordination states were distinguished as mentioned for a). When the o C, the hydroxyl groups on the Phillips catalyst decreased, which decreased the number of oxygen atoms surrounding each Al species, and consequently the amount of 4-coordinated Al species increased with increasing calcination temperature. The 27 in Fig. 3 (spectra a and b) . We observed three peaks at 0, 26, respectively (Liu et al, 2004c; Hussin et al, 2002; Temuujin Cr molar ratio of 3.1 (Fig. 3, spectrum a) , the intensity of the 27 ratio from 3.1 to 4.2 (Fig. 3, spectra b) , the peak intensity of the 4-coordinated Al species increased, and that of the 6-coordinated Al species decreased. The 4-coordinated Al with the hydroxyl group on the silica support or reduced the surface chromate or on the chromium site. These formed Al species simultaneously coordinated with neighboring oxygen atoms of siloxane bridges or surface chromium species. catalyst we observed that 6-coordinated Al species was the a of 3.1 (Fig. 4, spectrum b) , the 4-coordinated Al species increased sharply, and the 4-coordinated Al species became the dominant Al species on the catalyst. The trend was similar to the 27 large number of oxygen atoms surrounding each Al species would have resulted in the dominance of the 6-coordination state of Al. When the calcination temperature increased o C, the hydroxyl groups on the Phillips catalyst decreased, which decreased the number of oxygen atoms surrounding each Al species, increasing the amount of 4-coordinated Al species.
observed that 6-coordinated Al species was dominant at an 6-coordinated Al species decreased and the 4-coordinated Al species increased sharply compared with the 27 Al MAS species became the dominant Al species on the catalyst. appeared to increase compared the 4-coordinated Al species amount of 4-coordinated Al species decreased in the order results are shown in Table 2 . The polymerization activity for the three catalysts also decreased in the order ethylene polymerization activity and solid-state MAS NMR molar ratio is similar to the amount of 4-coordinated Al species. Our previous results and the present solid-state MAS NMR results thus suggest that the presence of 4-coodinated Al seems related to the polymerization activity. Al MAS NMR spectra clearly demonstrated that the existing states of surface Al species in alkylaluminum-modified catalysts strongly depended on the type of alkylaluminum cocatalyst, the concentration of alkylaluminum and on the calcination temperature used during the catalyst preparation process.
1 H MAS NMR spectra of alkylaluminum-modified Phillips CrO x 2 catalysts calcined at two different o C) exhibited similar trends in temperature, 1 this indicates the dominant surface proton species change from hydroxyl to ethoxyl and ethyl groups. 27 Al MAS NMR spectra showed the presence of three different coordination states (6-, 5-, and 4-coordinated Al species) in the 27 Al spectra change that 6-coordinated Al decreases and 4-coordinated cocatalysts, it was shown the reactivity with Phillips catalyst of 4-coordinated Al on Phillips catalysts modified by TEA, 27 27 and the 4-coordinated Al species increased sharply. For the and the 6-coordinated Al species became the dominant was shown the reactivity with Phillips catalyst in decreasing relative amounts of coordinated Al species could be also contributed to two factors affecting the nature of catalysts calcined at different temperatures. The first factor was the different amount of residual hydroxyl groups present factor was related to the intrinsic electronic state in terms O x on the surface) of the original Phillips catalysts calcined at higher temperatures as confirmed in our previous work related to the polymerization activity. The results of the past and present study thus suggest that the multinuclear solid state NMR has a great potential as an effective tool for understanding Phillips catalyzed polymerization.
